Head and neck squamous cell carcinoma (HNSCC) is the sixth most common cancer worldwide with 600 000 cases diagnosed per year ([@bib1]). As a potential investigational approach for prevention and treatment of HNSCC, there has been extensive study of several types of molecular-targeted agents, including epidermal growth factor receptor (EGFR)-selective tyrosine kinase inhibitors (TKIs), and COX-2 inhibitors. These two types of agents act on different biological targets: tyrosine phosphorylated EGFR and COX-2, respectively. Both targets have been shown to contribute to HNSCC carcinogenesis ([@bib2]). In spite of extensive research in EGFR and COX-2 inhibitors, their combined use for HNSCC is still in its developmental stage. Despite advances in multimodality therapy, the overall 5-year survival rate is 40--50%, emphasising the importance of new therapeutic strategies ([@bib3]). Clinical challenges to improving survival in HNSCC include frequency of late-stage diagnosis, locoregional and metastatic recurrence, and secondary primary tumours.

Studies have shown that the EGFR and COX-2 have an important role in the biology of HNSCC. Overexpression of COX-2 is associated with a poor prognosis in HNSCC, and COX-2 inhibitors have demonstrated synergy when combined with EGFR inhibitors in preclinical models ([@bib5]; [@bib6]). Inflammatory mediators can promote epithelial--mesenchymal transition (EST) and increase resistance to EGFR TKIs in HNSCC ([@bib10]). These studies provide a strong rationale for combining a COX-2 inhibitor with an EGFR TKI.

Levels of COX-2 and its catalytic product PGE~2~ are increased in a variety of malignancies, including HNSCC ([@bib3]; [@bib8]; [@bib7]). PGE~2~ can stimulate cell proliferation, motility, and angiogenesis while inhibiting apoptosis and immune surveillance ([@bib3]; [@bib7]). COX-2-derived PGE~2~ may also promote metastasis by stimulating EMT and cell invasion ([@bib10]; [@bib9]). It has been reported that PGE~2~ is transported or passed through the cell membrane via prostaglandin-specific transporters, including the prostaglandin transporter (PGT, an influx transporter). Intratumoural PGE~2~ levels depend not only upon the rate of production, but also on the rate of degradation. Inactivation of PGE~2~ located in the developing tumour microenvironment has been suggested to occur by a two-step model ([@bib11]). The first step is mediated by the PGT, which engages carrier-mediated membrane transport of prostaglandins, including PGE~2~, PGF~2α~, and PGD~2~ ([@bib11]), from the extracellular milieu to the cytoplasm. This transporter belongs to the organic anion superfamily of transporting polypeptides that contain 12 transmembrane-spanning domains. The second step of PGE~2~ inactivation occurs in the cytoplasm, where 15-hydroxyprostaglandin dehydrogenase (15-PGDH) catabolises and thus inactivates PGE~2~ ([@bib11]). Studies have shown that 15-PGDH expression is frequently reduced in several other epithelial cancers as well ([@bib13]; [@bib12]), suggesting that abnormalities in catabolism of PGE~2~ may have an important role in the development of these cancers. Quidville *et al* have shown that in thyroid cancer the silencing of 15-PGDH by RNA interference enhances proliferation, and 15-PGDH is involved in the anti-proliferative effect of COX inhibitors ([@bib14]).

Recent work has suggested a role for COX-2 inhibitors in HNSCC prevention and treatment. Celecoxib, in conjunction with erlotinib and reirradiation, was shown to be a feasible and clinically active regimen in a population of patients with recurrent HNSCC who had a poor prognosis ([@bib15]). However, the majority of data suggest a limited role for celecoxib in head and neck cancer therapy, either due to toxicity or lack of efficacy ([@bib8]). Celecoxib was ineffective in controlling oral premalignant lesions in a recent randomised controlled trial ([@bib16]). COX2 inhibition has a chemopreventive effect, but its application as a treatment of HNSCC in a clinical setting still requires further research to overcome its limited anti-cancer effects ([@bib17]).

In comparison with celecoxib, in preclinical models apricoxib has shown greater efficacy in several epithelial carcinomas, with a lower side-effect profile ([@bib9]). Apricoxib is a selective COX-2 inhibitor with preclinical data showing analgesic, anti-inflammatory, and anti-tumour effects. Beyond pain and inflammation, apricoxib has shown anti-tumour effects in epithelial malignancies in animal cancer models. In comparison with celecoxib, apricoxib shows greater efficacy and, in some systems, the magnitude of the difference is greater than might be expected solely on respective *in vitro* (or *ex vivo*) IC~50~ values for enzyme inhibition ([@bib9]). The preclinical safety profile of apricoxib is consistent with a selective COX-2 inhibitor with minimal gastrointestinal toxicity at exposures demonstrating anti-inflammatory and antitumour activity. Recently, apricoxib plus erlotinib was tested in a Phase I study in non-small cell lung cancer and was found to be well tolerated with a 60% disease control rate ([@bib18]).

On the basis of the increased efficacy of apricoxib in epithelial malignancies, we questioned whether apricoxib might alter PGE~2~levels by altering the eicosanoid pathway by other mechanisms in addition to COX-2 inhibition. In the present study, we show for the first time that the efficacy of apricoxib over celecoxib is likely mediated by an increase in PGT and 15-PGDH levels in addition to its anti-COX-2 effect. Our collective data suggest that the increased efficacy of apricoxib in treating epithelial cancers is mediated by the novel mechanism of coordinated up- and down-regulation of genes involved in PGE~2~ transport and metabolism. Our work supports a potential role for apricoxib in modulating early stages of carcinogenesis and treatment of progressive disease in HNSCC.

Materials and methods
=====================

Reagents and cell lines
-----------------------

HNSCC cells utilised in this study included: Tu686, Tu212 (generously provided by Dr D Shin [@bib19]), and OSC, HOC, and TSU (generously provided by Dr M Nagayama [@bib20]). The HNSCC cell lines Tu686, Tu212, and HOC are used for all of experiments presented unless otherwise specified. All cell lines used are genotyped and checked for mycoplasma contamination on a regular schedule. For three-dimensional spheroid culture experiments, 24-well plates were coated with Engelbreth-Holm-Swarm extracellular matrix extract, resulting in reduction of growth factor (Trevigen, Gaithersburg, MD, USA). In all, 50 000 cells were then added to each well in 500 *μ*l of growth medium. Twenty-four hours later later, the growth medium was replaced with fresh medium containing apricoxib (5 *μ*ℳ) and 10% Engelbreth-Holm-Swarm. Every other day the medium was changed adding fresh apricoxib (5 *μ*ℳ) and 10% Engelbreth-Holm-Swarm. Quantification in the spheroid model was performed by counting the number of compact spheroids/HPF.

Total RNA preparation, cDNA synthesis, and real-time PCR
--------------------------------------------------------

To analyse the regulation of mRNA expression, total RNA from 1 × 10^6^ control and treated HNSCC cells were extracted using Trizol reagent according to the manufacturer\'s instructions (Invitrogen, Grand Island, NY, USA). The cDNA was prepared with a kit (Invitrogen) according to the manufacturer\'s instructions. mRNA levels were quantified by real-time RT--PCR using the SYBR Green quantitative PCR kit from Bio-Rad in a MyiQ Cycler (Bio-Rad, Hercules, CA, USA) following the manufacturer\'s protocol. Amplification was carried out in a total volume of 20 *μ*l for 40 cycles of 15 s at 95 °C, 20 s at 60 °C, and 30 s at 72 °C. Samples were run in triplicate and their relative expression was determined by normalising expression of each target either to glyceraldehyde-3-phosphate dehydrogenase or *β*-actin. These were then compared with the normalised expression in a reference sample to calculate a fold change value. Primers were designed as previously described ([@bib10]).

Western blot analysis
---------------------

HNSCC cells were washed with PBS and whole-cell lysate was prepared with modified RIPA buffer. Proteins were resolved by SDS---PAGE and analysed by western blot using PVDF membranes (Millipore, Bedford, CA, USA). The membranes were probed with anti-E-cadherin, anti-vimentin, anti-15-PGDH, anti-PGT, or anti-Tubulin antibody (BD Biosciences Pharmingen/Transduction Laboratories, San Jose, CA, USA) at 1 : 5000 dilution; or with anti-p38 or anti-P-p38 antibody (Cell Signaling Technology, Danvers, MA, USA) at 1 : 1000 dilution in TBST containing 1.0% nonfat dry milk. The membranes were developed by the ECL chemiluminescence system (Amersham Pharmacia Biotech, Piscataway, NJ, USA). Quantitative analysis was performed by ImageJ software (NIH, Bethesda, MD, USA).

Invasion and migration assay
----------------------------

The invasion assays were performed in Cytoselect 24-well cell invasion chambers (Basement membrane, colorimetric format, Cell Biolabs Inc., San Diego, CA, USA) according to the manufacturer\'s protocol. For migration assays, BD Falcon cell culture inserts ( \# 353097) were used.

Soft agar assay
---------------

In brief, 1.2% noble agar was melted, then cooled to 50 °C in a water bath. Equal volumes of this 1.2% agar solution and 2 × DMEM/20% FBS medium (1 : 1) were then mixed. Immediately, 50 *μ*l of the mixture was added to each well of a 96-well flat-bottom microplate to form a base agar layer. The plate was stored at room temperature to allow the agar to solidify for 1 h. HNSCC Cells were harvested and resuspended in culture medium. Equal volumes of 1.2% agar: 2 × DMEM/20% FBS medium: cell suspension (1 : 1 : 1) were then mixed in a tube and left at 40 °C. At this step, the indicated drugs were added. After 7 days, 12.5 *μ*l alamarblue was added to each well and the cells were incubated at 37 °C overnight. Plates were then read using a Bio-Rad Benchmark plate reader.

Statistics
----------

All experiments were repeated at least three times and measurements were performed in triplicate. When applicable, data are presented as the mean±s.d. Group comparisons were performed using the Student\'s *t*-test or Fisher\'s exact test as appropriate. The Spearman rank correlation was used to assess the level of association between the staining intensities of pairs of markers. A *P*-value of \<0.05 was considered significant. The S-plus version 6 (Insightful, Corvallis, OR, USA) was utilised for all statistical analyses.

Results
=======

Apricoxib upregulates 15-PGDH in HNSCC cells
--------------------------------------------

The catabolism of PGE~2~ has been shown to play an important role in the development of some head and neck cancers ([@bib14]). 15-hydroxyprostaglandin dehydrogenase is known to catabolise and thus inactivate PGE~2~ ([@bib13]; [@bib11]). We examined the effects of apricoxib treatment (5 *μ*ℳ) on 15-PGDH expression in HNSCC cells. Apricoxib treatment resulted in a robust upregulation of 15-PGDH expression ([Figure 1A](#fig1){ref-type="fig"}).

To further define the efficacy of apricoxib in a clinical context, we examined the influence of apricoxib+erlotinib on 15-PGDH levels. We then compared this with the influence of celecoxib+erlotinib on 15-PGDH. We noted that apricoxib is more effective than celecoxib at enhancing the effects of erlotinib on 15-PGDH ([Figure 1B](#fig1){ref-type="fig"}).

Apricoxib is more effective than celecoxib at upregulating PGT in HNSCC and NSCLC cells
---------------------------------------------------------------------------------------

Inactivation of PGE~2~ located in the tumour microenvironment has been suggested to occur by a two-step process ([@bib11]). In addition to the inactivation of PGE~2~ by 15-PGDH, the PGT transports PGE~2~ from the extracellular milieu to the cytoplasm ([@bib15]). Tu686, Tu212, and A549 NSCLC cells were treated with apricoxib or celecoxib. We noted that apricoxib is more effective than celecoxib at increasing PGT levels in HNSCC and NSCLC cells ([Figure 2A](#fig2){ref-type="fig"}). In addition to assessing PGT expression using western blot analysis, we determined PGT mRNA expression by real-time RT--PCR in control and apricoxib-treated HNSCC cell lines (OSC and Tu212). When these lines were exposed to apricoxib, PGT mRNA expression levels were elevated, ([Figure 2B](#fig2){ref-type="fig"}). These data demonstrate that apricoxib is more efficacious than celecoxib in upregulating PGT.

Apricoxib is more effective than celecoxib at increasing E-cadherin levels and reversing EMT in HNSCC and NSCLC cells
---------------------------------------------------------------------------------------------------------------------

Epithelial--mesenchymal transition is a process that has important roles in normal organ development and in cancer progression. Epithelial--mesenchymal transition is characterised by the combined loss of E-cadherin and gain of mesenchymal markers, such as vimentin, and increased invasion and migration ([@bib10]; [@bib21]). Loss of E-cadherin is closely correlated with poor prognosis ([@bib2]; [@bib10]; [@bib8]; [@bib21]). We examined the effects of apricoxib treatment (5 *μ*ℳ) on E-cadherin expression in Tu212 and OSC HNSCC cells. Apricoxib caused the upregulation of E-cadherin expression in HNSCC and NSCLC cell lines ([Figure 3A](#fig3){ref-type="fig"}). In addition to assessing E-cadherin expression using western blot analysis, we determined E-cadherin mRNA expression by real-time RT--PCR in control and apricoxib-treated HNSCC cell lines. When these lines were exposed to apricoxib, E-cadherin mRNA expression levels were elevated ([Figure 3B](#fig3){ref-type="fig"}).

To further define the efficacy of apricoxib, we compared cells treated with apricoxib to those treated with celecoxib in terms of the effect on E-cadherin and other EMT markers. We noted that apricoxib is more effective than celecoxib at increasing E-cadherin levels in HNSCC (Tu686 and Tu212) and NSCLC (A549) cells ([Figure 3C](#fig3){ref-type="fig"}). We went on to look at other EMT markers (MUC1 and vimentin) and noted that apricoxib is also more effective than celecoxib at affecting the levels of other EMT markers (MUC1 and Vimentin, [Figure 3D](#fig3){ref-type="fig"}). These data support that apricoxib is more efficacious than celecoxib in reversing EMT, and thus reducing tumour invasion and metastasis.

Apricoxib enhances the effect of erlotinib on inhibiting invasion and migration, and anchorage-independent-growth
-----------------------------------------------------------------------------------------------------------------

Erlotinib (Tarceva, Astellas Inc., Northbrook, IL, USA) is an EGFR-targeting TKI that has shown promise in clinical trials with HNSCC and is currently in advanced stages of clinical testing for treatment of this disease ([@bib23]; [@bib22]). We examined the effect of apricoxib on HNSCC cells using anchorage-independent growth on soft agar. The addition of apricoxib to erlotinib further inhibited anchorage-independent growth in HNSCC ([Figure 4B](#fig4){ref-type="fig"}). The addition of apricoxib to erlotinib also exhibited significantly diminished cell migration and invasion compared with control cells in Transwell invasion assays ([Figure 4C](#fig4){ref-type="fig"}).

Apricoxib is effective in preventing HNSCC cell growth in spheroid culture
--------------------------------------------------------------------------

In addition to driving a change in the expression of EMT markers, treatment with apricoxib conferred a less metastatic phenotype in a spheroid model ([Figure 4A](#fig4){ref-type="fig"}). Multicellular spheroids (MCS) have been used as an *in vitro* model system of micrometastases, useful in studying cell adhesion-dependent morphological changes ([@bib24]). In untreated Tu686 cells, there is decreased E-cadherin, resulting in a more fibroblastoid phenotype (control). When Tu686 cells are treated with apricoxib, the cells undergo mesenchymal--epithelial transition (MET) and revert to a more epithelial phenotype, with functional adhesion molecules (E-cadherin), and they are able to maintain a tight, compact phenotype ([Figure 4A](#fig4){ref-type="fig"}).

Discussion
==========

The use of tobacco products is the primary cause of head and neck carcinoma ([@bib1]; [@bib4]). Carcinogens in tobacco products can induce molecular changes throughout the entire upper aerodigestive tract. Head and neck cancer results from a multistep carcinogenesis process in which increasing degrees of mucosal changes and cellular atypia occur over large areas of the carcinogen-exposed upper aerodigestive tract epithelium. The major causes of head and neck cancer-related deaths are persistent or recurrent disease ([@bib4]).

Numerous challenges and costs associated with clinical trials of therapeutic agents underscore the importance of preclinical studies to provide a biological rationale for use of a given agent as therapy. *In vitro* studies are important in identifying molecular alterations involved in carcinogenesis that are affected by a specific agent. In the current study, we investigated the efficacy of apricoxib as compared with celecoxib in HNSCC and NSCLC models. Additionally, we examined the synergistic effects of apricoxib and erlotinib. The data demonstrated three interrelated modes of action that potentially account for the greater efficacy of apricoxib as compared with celecoxib: COX-2 inhibition, 15-PGDH upregulation, and PGT upregulation. Thus, levels of pro-tumourigenic PGE~2~ are reduced at multiple levels: synthesis is decreased, active extracellular pools are depleted by PGT-mediated transport, and intracellular concentrations are reduced by 15-PDGH-mediated catabolism ([Figure 5](#fig5){ref-type="fig"}).

The current study presents the first evidence indicating that PGT and 15-PGDH are upregulated in head and neck and lung cancer cell lines in response to apricoxib treatment. Increased PGE~2~ in neoplasia results in part from reduced expression of genes involved in PGE~2~catabolism. Extracellular PGE~2~ can be transported into the cell, where it can be inactivated or act indirectly via specific nuclear receptors ([@bib26]). Quidville had previously reported that the silencing of 15-PGDH by RNA interference enhances proliferation. Our current observation of increased expression of PGT and 15-PGDH in apricoxib-treated HNSCC cell lines could help account for decreased local PGE~2~ levels in the tumour microenvironment, thus minimising tumour invasion and metastasis.

We also show that apricoxib is effective in preventing tumour cell growth in three-dimensional, anchorage-independent growth assays, as well as decreasing the capacity for tumour cell migration. Treatment of HNSCC cells with apricoxib also causes greater upregulation of E-cadherin expression and downregulation of vimentin, as compared with celecoxib treatment. This has significant implications for targeted chemoprevention and anti-cancer therapy because E-cadherin expression has been implicated as a marker of sensitivity to EGFR TKI.

Epithelial--mesenchymal transition is a major mechanism for carcinoma progression and metastasis. Several studies of E-cadherin in oral and head and neck carcinomas have shown that its reduction or loss is generally related to features that correlate with tumour aggressiveness, such as poorly differentiated or anaplastic histology and widely invasive growth ([@bib2]; [@bib10]; [@bib8]; [@bib21]). Distant metastasis-free survival was significantly worse in tumours showing reduced E-cadherin expression ([@bib10]; [@bib21]). Our data on spheroid cell morphology, cell migration and invasion, and the expression of lineage marker proteins clearly indicated that apricoxib is able to promote the transition of HNSCC cells from mesenchymal cells to epithelial cells ([Figures 3](#fig3){ref-type="fig"} and [4](#fig4){ref-type="fig"}). Additionally, we noted that the apricoxib-treated cells grew much more slowly in an anchorage-independent growth assay than the parental cells ([Figure 4](#fig4){ref-type="fig"}).

Our current observations demonstrate that apricoxib treatment antagonises EMT in HNSCC cells, indicating an important metastasis-suppressive role of apricoxib and a promising prospect for apricoxib as a valuable therapeutic and chemopreventive drug in HNSCC. The metastasis-suppressive effect may be a consequence of an apricoxib-induced reversal of the mesenchymal phenotype of HNSCC cells ([Figures 3](#fig3){ref-type="fig"} and [4](#fig4){ref-type="fig"}). On the basis of our data, we hypothesise that apricoxib stimulates the reversion of malignant cells towards a relatively normal phenotype. In addition, apricoxib drives MET, increasing the expression of E-cadherin and downregulating vimentin. As elevated levels of E-cadherin are associated with increased sensitivity to other chemotherapeutic agents, this has added benefit in patient therapy.

In summary, we report the Phase 2 COX-2 inhibitor apricoxib displayed superior activity to celecoxib in HNSCC *in vitro*, due to upregulation of PGE~2~catabolic pathways in concert with COX-2 inhibition. Apricoxib also reversed EMT in HNSCC lines, which may underlie its synergy with erlotinib ([@bib26]; [@bib25]). Recently, apricoxib plus erlotinib was tested in a Phase I study (non-small cell lung cancer) and was found to be well tolerated with a 60% disease control rate (Reckamp). The current study justifies studying apricoxib as a strategy for chemoprevention and therapy of HNSCC. If apricoxib is found to have clinical activity in humans, it will represent an important therapeutic opportunity for patients who, either due to premalignant lesion, or a prior diagnosis of HNSCC, are at high risk for this often fatal malignancy for which there is currently no approved preventive therapy.
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![Apricoxib (Apr) upregulates 15-PGDH in HNSCC cells. OSC, Tu212, and HOC HNSCC cells were treated with 5 *μ*ℳ Apr for 18 h. Protein from whole cell lysates were analysed for 15-PGDH expression by western blot as described in Materials and Methods. (**A**) Apr upregulates 15-PGDH expression at the protein level in all HNSCC cell lines studied. (**B**) Apr enhances the influence of erlotinib on upregulating 15-PGDH.](bjc2012203f1){#fig1}

![Apricoxib (Apr) upregulates PGT in HNSCC cells. OSC, Tu686, and Tu212 HNSCC cells, and A549 NSCLC cells were treated with 5 *μ*ℳ Apr or 5 *μ*ℳ celecoxib (Cel) for 18 h. Protein from whole-cell lysates was analysed for PGT expression by western blot as described in Materials and Methods. (**A**) Apr is more effective than Cel at upregulating PGT in HNSCC and NSCLC cells. (**B**) OSC and Tu212 HNSCC cells were treated with the indicated concentrations of Apr for 18 h and levels of mRNA for PGT were evaluated by quantitative real-time PCR analysis as described in Materials and Methods. Upon addition of Apr, PGT mRNA expression levels were elevated. Data shown for mean of three experiments; bars, s.e. *P\<0.05*.](bjc2012203f2){#fig2}

![Apricoxib (Apr) increases E-cadherin (E-cad) levels in HNSCC cells. OSC and Tu212 HNSCC cells were treated with 5 *μ*ℳ Apr for 18 h. Protein from whole-cell lysates was analysed for E-cad expression by western blot as described in Materials and Methods. (**A**) Apr upregulates E-cad expression at the protein level in all HNSCC cell lines studied. (**B**) OSC and Tu212 HNSCC cells were treated with the indicated concentrations of Apr for 18 h and levels of mRNA for E-cad were evaluated by quantitative real-time PCR analysis as described in Materials and Methods. Upon addition of Apr, E-cad mRNA expression levels were elevated. Data shown for mean of three experiments; bars, s.e. *P\<*0.05. (**C**) Apr is more effective than celecoxib (Cel)at increasing E-cad levels in HNSCC and NSCLC cells. OSC and Tu212 HNSCC cells, and A549 NSCLC cells were treated with 5 *μ*ℳ Apr or 5 *μ*ℳ Cel for 18 h. E-cad levels were higher in Apr-treated cells. (**D**) Apr is more effective than Cel at affecting other EMT markers (MUC1 and vimentin).](bjc2012203f3){#fig3}

![Apricoxib (Apr) prevents HNSCC cell growth and enhances the influence of erlotinib (Erl) on inhibiting invasion and migration. (**A**) Apr is effective in preventing HNSCC cell growth in spheroid culture. (**B**) Apr enhances the influence of Erl on the inhibition of anchorage-independent growth. (**C**) Apr enhances the influence of Erl on inhibiting invasion and migration. Abbreviation: Veh=vehicle.](bjc2012203f4){#fig4}

![Model for collateral pathways of apricoxib activity. We propose that one explanation for the increased efficacy of apricoxib is that it has three interrelated modes of action: COX-inhibition, 15-PGDH upregulation, and PGT upregulation. Thus, levels of pro-tumourigenic PGE~2~ are reduced at multiple levels: synthesis is decreased; active extracellular pools are depleted by PGT-mediated transport; and intracellular concentrations are reduced by 15-PDGH-mediated catabolism.](bjc2012203f5){#fig5}
